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Our previously reported cDNA array datasets from neonatal wild-type and Cx43−/− (approved gene symbol Gja1) mouse brains were further
analyzed to identify underlying interlinkages in the brain transcriptome. The analysis revealed that no gene cohort sharing either primary function
or chromosomal location was significantly altered (up-and down-regulation were roughly balanced) in Cx43−/− brains, but each cohort exhibited
significant perturbation of transcript abundance proportions and reduced expression variability and coordination. By comparing pairwise
expression correlations of all genes with one another in wild-type brains, we found genes exhibiting remarkable similarity or opposition to the
coordination profile (set of synergistically, antagonistically, and independently expressed partners) of Cx43, one of the most similar being
pannexin1, a vertebrate homolog of invertebrate gap junction proteins. This study indicates striking redundancy of expression controls over
functional pathways and suggests that certain genes may play roles similar to or opposite that of Cx43 in organizing the brain transcriptome.
© 2006 Elsevier Inc. All rights reserved.Keywords: Gap junction; Cx43; Panx1; Gja1; Connexin; PannexinOf the more than 20 gap junction genes in the mammalian
genome (for review see [1,2]), the gene encoding gap junction
membrane channel protein alpha 1 (alias connexin43, Cx43;
approved gene symbol Gja1)) is among the most highly and
ubiquitously expressed by cells in most tissues. It is the most
abundant gap junction protein in heart [3], skin [4], and brain [5],
where it connects ventricular myocytes, epidermal cells, and
astrocytes, respectively.
We previously reported that expression level and variability
of an enormous number of functionally diverse genes are
significantly affected in hearts, brains, and cultured astrocytes of
Cx43−/− mice [5–12]. Moreover, we identified genes that were
coordinately expressed (either synergistically or antagonisti-
cally) or statistically independent and found a remarkably high
correlation when the lists of coordinated genes in wild-type
hearts and brains were compared to those up-or down-regulated
in the Cx43−/− tissues. Thus, down-or up-regulation in the
Cx43−/− samples was accurately predicted for 81% of the genes
significantly synergistically or antagonistically expressed with
Cx43 in the wild type, and lack of expression change in the
Cx43−/− tissues was accurately predicted for 86% of the genes⁎ Corresponding author. Fax: +1 718 430 8594.
E-mail address: diacobas@aecom.yu.edu (D.A. Iacobas).
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doi:10.1016/j.ygeno.2006.09.007expressed independent of Cx43 in the wild type. Overall
prediction accuracy increased to 93% when the analysis was
restricted to the genes that were both significantly regulated in
Cx43−/− samples and coordinately expressed with Cx43 in the
wild type.
These findings suggest that gene expression alterations in
Cx43−/− mice may reflect the extreme of normal patterns of
gene expression interlinkage, with the Cx43 gene representing a
node in regulation of expression levels of other genes.
We have extended the initial analysis of this large dataset to
examine whether expression profile, variability, and coordina-
tion of disjoint groups of genes in wild-type and Cx43-null brain
cosegregated with either chromosomal location or primary
function of the encoded protein (hereafter denoted cohorts, see
Materials and methods for the description of functional cohorts)
and to examine the extent to which other genes displayed coor-
dination patterns of gene expression that were similar to or
opposite that of Cx43 in wild-type brain. Our findings from the
cohort analysis of the wild-type and Cx43-null brain transcrip-
tomes indicate a complex relationship in which Cx43 is a
“command gene” in that it regulates the patterns of expression
level, variability, and coordination of the brain transcriptome.
Moreover, identification of genes with similar or opposite
patterns of coordination led to the hypothesis that functional
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up-regulation of a similarly coordinated gene or even down-
regulation of an oppositely coordinated gene.
Results
Regulation of expression levels of cohorts of genes
We found that no cohort of genes sharing the same chromo-
somal location (Fig. 1A, open bars), functional category (Fig.Fig. 1. Average and standard deviation of the fold change (>1 for up-and <−1 for
down-regulation) of cohorts of genes sharing the same (A) chromosomal location
or (B) category or (C) selected subcategory of function performed by the encoded
protein in the Cx43−/− brains. Note that although no cohort grouping genes with
the same functional category or chromosomal location was significantly
regulated (all absolute average fold changes less than 1.5), the ≥1.5 values of
the standard deviations indicate considerable perturbation of each functional
category (or subcategory) and chromosomal location.1B), or subcategory (Fig. 1C) was significantly regulated as a
whole (up-and down-regulation of individual genes were
roughly balanced within each cohort). However, all cohorts
were significantly perturbed since the standard deviation (solid
bars) approached or exceeded the 1.5 cutoff (even higher values
were calculated for chromosome 6 and TWC function). The
most highly represented terms in all Gene Ontology categories
(biological process, molecular function, or cellular location) of
the regulated genes in Cx43−/− brain are presented in Supple-
mentary Table 1.
Regulation of expression variability
As illustrated in Fig. 2A, expression levels of individual
genes were not uniform among the mice of the same genotype.
When the relative expression variability (REV) was averaged for
gene cohorts, we found close values for all cohorts in each
genotype but values were strikingly lower in Cx43−/− brains
compared to wild type (Fig. 2B). Similar observations were valid
also for all chromosomal locations (not shown) as well as for
functional subcategories (Fig. 2C).
The uniformity of cohort average REV values led to the
uniformity of gene expression stability (GES) among functional
categories and subcategories and with respect to chromosomal
locations (data not shown) in both genotypes, indicating that no
cohort was favored with regard to transcription control and that
the hierarchy of transcription control was not altered by
disrupting expression of Cx43.
GenMapp analysis of the most stably expressed genes
(GES>95) in wild type revealed participation in protein
transport (z=3.44), UDP-glycosyltransferase activity (z=4.42),
osteoblast and monocyte differentiation factors (z=6.00),
carboxypeptidase activity (z=4.89), and negative regulation of
cell cycle. Categories of most unstably expressed genes
(GES<5) included cytoskeleton (z=3.36) and terms related to
hydrogen ion transporter activity (z=2.99). By contrast, in
Cx43−/− brains, most stable genes were in categories of cysteine
protease inhibition, phosphoinositide 3 kinase, proton transpor-
ter ATPase, and cell junction, whereas most unstable genes were
involved in glycolysis, lyase activity, oxidative metabolism,
hexose metabolism, and complement activation.
Overall properties of pairwise gene expression coordination in
wild-type, Cx43−/−, and Cx43+/− brains
The Pearson correlation analysis of all (>13 million) distinct
pairs that can be formed with the 3730 selected genes in both
genotypes revealed the complexity of the expression coordina-
tion within the brain transcriptome. Figs. 3A–C present the
histograms of the percentages of significantly independent,
antagonistic, and synergistic pairs that were found for each
quantified distinct gene in the wild-type brain. As indicated in
these histograms (arrows), the average gene was found to be
expressed synergistically with 9.7% of all other genes, antago-
nistically with 8.8%, and independent of 6.7%. We previously
reported thatCx43 is expressed synergistically with 11.7% of the
genes, antagonistically with 7.5%, and independent of 4.0% [5]
Fig. 2. Expression variability. (A) Expression heat map of 22 JAE-J genes. Red or green color of each rectangle represents up-or down-regulation of the gene labeling the
raw (right side) in the brain of the mouse indicated by the column label (e.g., K1 means Cx43−/−mouse 1) with respect to the average expression level in the wild type.
Note both the biological variability (different nuances) and the reproducibility (similar colors) of the expression profiles among the animals of the same genotype. (B)
Average relative expression variability (REV) of functional classes. Note the reduction in variability in all classes for Cx43−/− in the brains of genetically manipulated
mice. (C) Average relative expression variability of some CSD and JAE subclasses. Note the higher variability of JAE-G (globulins and blood) and JAE-A (antigens and
integrins). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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synergistically or antagonistically expressed with Cx43 in the
wild-type brain are presented in Supplementary Fig. 1A). In
comparison to the sampled transcriptome, Cx43 is in percentile
62.3 with regard to number of synergistic pairs formed, in
percentile 38.6 with regard to antagonistic pairs, and in per-
centile 16.4 with regard to independent pairs.
In the Cx43−/− brain, the analysis revealed a shift in the
histograms with regard to significant synergistic, antagonistic, and
independent expression correlations for gene pairs. As illustrated
in Figs. 3D–F, the average number of synergistic pairs was
reduced to 7.9% of the total and antagonistic to 7.1%. Conversely,
the number of independent partners was increased to 8.1%.
To determine whether there was a relationship between the
variability in a gene's expression level and the degree of expres-
sion coordination of that gene with all others, we plotted thechange in both parameters in Cx43-null brains as a function of
each other. This graph indicated a reduction of the coordination
degrees proportional to that of the expression variability, as
shown in Fig. 4. The slope of the linear regression curve was
significantly (p>0.0001) different from zero, indicating a
monotonic positive relationship between coordination degree
and expression variability.
The average percentage of coordination partners of Cx43
was not uniform among cohorts (Supplementary Fig. 1B), the
highest percentage of synergistic partners being with RNA
genes, that of antagonistic partners with CSD genes, and that of
independent partners with TRA genes. For all cohorts but CSD,
the percentage of synergistic partners was higher than that of
antagonistic partners. In addition, each cohort contained both
genes coordinately expressed with more than 30% of the
sampled transcriptome and genes coordinately expressed with
Fig. 3. Histograms of synergistic, antagonistic, and independent pairs that can be formed with the selected 3730 genes in the brains of (A–C) wild-type and (D–F)
Cx43−/− mouse. Note the percentage of synergistic, antagonistic, and independent partners of Cx43 in each genotype (indicated by arrows in A–C) compared to the
mean percentages of the rest of the genes.
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and JAE subcategories in Supplementary Table 2).
As previously reported [5–11] and illustrated in Supple-
mentary Fig. 1C, the coordination analysis in the wild-type
brain has a remarkable predictive power of expressionFig. 4. Change in relative estimated variability plotted against change in
coordination percentage comparing Cx43−/− and wild-type brains. Note the
significant proportionality between reduction in (synergistic+antagonistic)
expression coordination and reduction in expression variability. The slope of the
linear regression curve is significantly (p<0.0001) different from zero.regulation in Cx43-null brain. Supplementary Table 3 presents
examples of synergistic, antagonistic, and independent CSD
partners of Gja1 in wild-type brain whose regulation type in
Cx43-null brain was accurately predicted by their correlation
with Gja1 in wild-type brain.
More detailed analysis revealed that genes synergistically
expressed in wild type were significantly more likely to be
similarly regulated in Cx43−/− brains and that genes antago-
nistically expressed in wild type were significantly more likely
to be oppositely regulated in Cx43−/− brains. Examples are
shown in Supplementary Fig. 1D for significantly regulated
JAE-J genes in Cx43−/− brains, where the 57 of 62 (i.e.,
91.2%) significantly synergistic and antagonistic coordinations
in the wild-type brain accurately predicted similar or opposite
regulations in the Cx43−/− brain.
Genes with similar, neutral, and opposite coordination profiles
The extensive expression coordination revealed by our
analysis raised the question of whether there might be
similarities among the coordination profiles of various genes.
To examine this issue, we computed a similarity score (see
Materials and methods), in which two genes were considered as
having similar coordination profiles when there was significant
overlap of their synergistically, antagonistically, and indepen-
dently expressed partners; genes were considered as having
opposite coordination profiles when most of the synergistically
expressed partners of one gene were antagonistically expressed
Fig. 5. Examples of CSD, JAE, and TRA genes with similar (A–C), opposite (D–F), and neutral (G–I) coordination profiles compared to Cx43 in WT brains.
Correlation coefficients of the indicated genes, i.e., platelet-derived growth factor α (Pdgfa), pannexin1 (Panx1), replication protein A3 (Rpa3), septin 9 (Sep9),
integrin α6 (Itga6), Kruppel-like factor 16 (Klf16), cysteine-rich protein 61 (Cyr61), Eph receptor B1 (Ephb1), and DEAH (Asp-Glu-Ala-His) box polypeptide 30
(Dhx30), with each of the other 3730−1 selected genes were plotted against correlation coefficients of connexin43 (Gja1) with the other genes. “Cor” is the Pearson
correlation coefficient (ρ) of the relative expression levels of the considered gene and Cx43, while “SIM” and “CSI” are the similarity and the condition similarity
scores of the coordination profiles of the considered gene and Cx43 in the wild-type brain. Note that all genes with a similar coordination profile (CSI>50) were
synergistically expressed with Cx43 (Cor>0.9) and all with an opposite coordination profile (CSI<−50) were antagonistically expressed with Cx43 (Cor<−0.9) in the
wild-type brain. Genes with neutral coordination profiles compared to that of Cx43 (|CSI|<10) were not significantly coordinated (|ρ|<0.9) with Cx43 in wild-type
brain.
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Fig. 6. Percentages of gene expression intercoordinations among functional
categories in wild-type and Cx43-null mouse brain. Note the uniformity of
synergism, antagonism, and independence among pairs of functional categories
in both wild-type and Cx43−/− brains, the robust reduction in synergism and
antagonism and the increase in independence among pairs of functional
categories in the Cx43−/− brain. Pseudocolors correspond to z-axis values.
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partners of one gene were synergistically or antagonistically
expressed for the other. These similarity scores revealed that
virtually all genes with similar coordination profiles were
synergistically expressed among themselves and all genes with
opposite coordination profiles were antagonistically expressed
among themselves. As expected, the average similarity of the
coordination profiles of the 3729 selected genes with Cx43 was
in the neutral range (2.7%).
With regard to Cx43, we identified 128 genes that displayed
strikingly similar and 44 with strikingly opposite profiles in
wild-type brain (listed in Supplementary Tables 4 and 5), which
were distributed in all functional cohorts except TIC. Fig. 5
presents examples of CSD, JAE, and TRA genes with similar,
neutral, and opposite coordination profiles compared to that of
Cx43 in the wild-type brain. It is interesting to note from this
figure that for genes with similar and opposite coordination
profiles the proportionality between Pearson coefficients with
other genes extended through the entire range of these
coefficients. Surprisingly, 86% of the genes with similar or
opposite coordination profile compared to Cx43 in the wild-
type brain were not regulated in the Cx43-null brain, even
though each of these genes was synergistically or antagonisti-
cally expressed with Cx43 in the wild-type brain. These
findings suggest the existence of multiple and independently
regulated controllers serving to maintain the integrity of specific
functional pathways, in contrast to an alternative hypothesis that
the genes with similar or opposite coordination profiles are up-
or downstream from each other.
The similarity or opposition of comparison of coordination
profiles is statistically significant; for instance, pannexin1
(Panx1, CSI=90.8) shares 287 (97%) of the 296 antagonistic,
454 (95%) of the 478 synergistic, and 108 (68%) of the 160
independent partners of Cx43 in the wild-type brain, while 267
(90%) of the antagonistic partners of Cx43 are synergistic
partners to paired immunoglobulin-like type 2 receptor α (Pilra,
CSI=−68.7) and 436 (91%) of the synergistic partners of Cx43
are antagonistic to Pilra.
Expression coordination among functional cohorts
We found similar percentages of coordinated pairs in all
functional categories in both genotypes, even though the overall
degree of coordination was significantly lower in Cx43−/−
brains. Remarkably, although coordination of gene cohorts with
Cx43 was not uniform among the categories, the synergism,
antagonism, and independence among both homogeneous (e.g.,
CSD:CSD) and heterogeneous (e.g., CSD:CYT) pairs of
functional categories was rather uniform. Fig. 6 presents the
percentages of synergistic, antagonistic, and independent pairs
formed when considering all genes from any two functional
categories in wild-type and Cx43−/− brains.
This finding of uniform coordination percentages between
functional cohorts indicates that overall effects on the tran-
scriptome are balanced, rather than directed at one or another
function. However, significant reduction in synergism and
antagonism and increase in independence appear for all pairscomparing Cx43−/− brain with wild-type brain, suggesting that
disruption of Cx43 had a considerable decoupling effect not
only at the level of the average individual gene (as shown
above) but also for each of the functional categories.
Gene dominance
The “dominance” (DOM; see Materials and methods) of each
gene was computed to establish a hierarchy with regard to its
resistance to expression alteration under the pressure of expres-
sion coordination with other genes. Higher positive DOM values
(up to 100) indicate the “dominant” genes that were coordinately
expressedwith higher numbers of other genes yetmaintaining low
variability, while higher negative DOM values (up to −100)
indicate more “dominated” genes that, although with fewer
coordinations, showed high expression variability. Supplemen-
tary Table 6 presents the 25 most dominant and 25 most domi-
nated genes of the selection in the wild-type brain (and the
dominance of Cx43 for reference). Cx43 was within the 64th
percentile (with the most dominant gene, here WW domain-
containing protein 1, in the 100th percentile) in the wild type.
Disruption of Cx43 changed overall hierarchy of dominance and
in several cases (e.g., proteasome (prosome, macropain) 28
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kinase 2, Mblk1-related protein-1, or cytochrome P450-family
11-subfamily a-polypeptide 1) even converted the genes between
being highly dominant and highly dominated.
Discussion
The function of gap junction proteins is generally believed to
be in the formation of intercellular channels through which ions
and signaling molecules can diffuse between cells. For many of
the 20 or so mammalian gap-junction (connexin) genes, both
mutations causing human disease are known and mouse
mutants and knockout models exist. Although “phenotypes”
of connexin-null mice have been almost exclusively interpreted
in the context of compromised intercellular communication in
tissues in which the individual connexins are expressed, data
reported in this paper and in our previous studies [5–12]
indicate large-scale global transcriptomic alterations in Cx43-
null cells and tissues.
Findings from the analysis of expression level
Continuing a previous report showing a very large number of
significantly regulated genes in Cx43−/− brain [5], we found that
ablation of Cx43 did not significantly underexpress or over-
express an entire cohort of genes sharing either the primary
function of the encoded protein or chromosomal location.
Instead, Cx43 deficiency significantly perturbed the “stoichio-
metry” of transcripts within functional pathways due to altered
proportions of transcript abundances. Presumably, these “stoi-
chiometric” changes contribute to phenotype modifications in
Cx43−/− mice, including alterations in migration of neural crest
cells [13,14] and of neural progenitors at certain time points in
brain development [15], changes in purinergic receptor expres-
sion [16], innervation of the heart [10], and proliferation of
astrocytes [17].
Findings from the analysis of expression variability
In previous papers [5–11], we reported the existence of very
stably and very unstably expressed genes among animals. Other
authors suggested that important information is contained in the
“gene expression noise” [18,19] originating in the stochastic
nature of the biochemical reactions of gene expression that
provides targets for evolutionary change [20]. We have
interpreted the wide expression variability of certain genes as
favoring environmental adaptation, while the tight control of the
expression of others (resulting in small variability) as essential to
ensure cell survival and to preserve the phenotype. Remarkably,
in all our studies on various tissues of genetically manipulated
mice (Cx43-null heart [10,11]; Cx32-null, Cx43-null. and
Cx43+/− brains [5]), as well as in tissues of mice subjected to
various major stresses (chronically constant and intermittent
hypoxic heart [21] and kidney [22]), we found a significant
reduction in expression variability. Presumably, such reduced
expression variability represents a compensatory mechanism to
limit phenotypic change.Extending the expression variability analysis to gene
cohorts we observed similar average REV values among
cohorts in both genotypes but significant reduction in cohort
REV in Cx43−/−. The robust smaller cohort variability ob-
served for the Cx43−/− brains (as well as for Cx43+/− brain, not
shown) compared to wild-type brains indicates a higher control
in the altered genotypes, presumably to limit transcription
damages at the cohort level. Another remarkable finding is the
uniformity of the cohort GES scores, suggesting that the tran-
script abundance control itself is uniform although there are
major differences among the genes composing each cohort (e.g.,
[11]). The nonsignificant change in cohort GESs in Cx43−/−
brains compared to wild type indicates that the hierarchy of
expression stability is preserved even though overall variability
is reduced.
Overall properties of gene expression coordination
Recent studies (e.g., [23]) have revealed the wide extent and
dynamic nature of gene expression networks. Almost 1300
genes with 10 or more links (termed “interacting modules”)
were identified in yeast, Caenorhabditis elegans, Drosophila,
and human (e.g., [24,25]). Calvano et al. [26] computed an
interactome for mammalian (human, rat, mouse) genes in which
genes on average had 11.5 interaction partners (median 4.0),
with 7.2 being direct physical interactions (median 3.0). Our
study indicates that such interlinkage is much more extensive in
the mouse brain, with certain genes coordinately expressed with
over one-third of the sampled genome, the average gene being
significantly coordinated with the expression of 18.5% (median
17.8%) of the other genes.
Cx43 is in the midrange as percentage of coordinately
(synergistically+antagonistically) expressed partners within the
selection of 3730 genes and has a low number of independently
expressed partners. Together with the observation that disrup-
tion of Cx43 significantly decreased the overall expression
correlation of genes, these findings indicate a complex role for
Cx43 in regulating functional pathways. The change in number
of coordination partners for each gene in the Cx43−/− brain with
respect to wild-type brain is linearly related to the change in
REV from wild type to Cx43−/− (Fig. 4), suggesting a possible
linkage between the control exerted over expression level of a
given gene and its coordination with other genes.
Genes with similar and opposite coordination profiles
Examination of the functional categories and Gene Ontology
classification for the most similar and most oppositely
coordinated profiles with respect to Cx43 indicates that these
genes encode proteins spanning a wide functional range.
However, it is perhaps worthwhile to note that 10 of these
genes either are involved in the processes of cell or substrate
adhesion or are transmembrane domain proteins believed to be
involved in forming signaling complexes at the cell surface.
Interestingly, the constituent of lipid rafts, caveolin, displaying a
high degree of similarity with Cx43, has been reported to interact
with Cx43 [27]. Cell cycle studies of the yeast Saccharomyces
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profiles are more likely to encode interacting proteins” [28]; the
present results indicate that such a relationship may exist in the
mammalian brain as well. As more extensive datasets for Cx43-
interacting proteins become available (see [29]), it will be
possible to evaluate this hypothesis.
A particularly intriguing high degree of similarity was ob-
served between the coordination profiles ofCx43 and pannexin1
(Panx1). Although their proteins have very different amino acid
sequences, they have similar tetra-transmembrane topology, and
it has recently been proposed that the pannexins are vertebrate
homologs of the gap-junction proteins of invertebrates, the
innexins (see [30,31]). Both Panx1 and Cx43 are widely distri-
buted in the brain [32] and both have been speculated to form
both intercellular and nonjunctional channels [33–36].
Our finding that genes with highly similar or opposite
coordination profiles in wild-type brain tend not be regulated in
the Cx43−/− brain indicates that these interaction networks are
parallel rather than serial processes. It is possible that such
parallel coordination profiles play a major role in the process of
“proofreading,” to ensure that individual gene expression altera-
tions have minimal impact on the entire transcriptome. The
parallel nature of these interaction networks also allows specu-
lation that up-regulation of a gene with a highly similar
coordination profile or down-regulation of a gene with an
opposite coordination profile might partially restore a wild-type
phenotype under conditions where one gene's expression is
reduced. It was recently reported that overexpression of Cx43
alters the mutant phenotype of midgestational Wnt-1-null mice,
resulting in recovery of the midbrain and cerebellum [14]. In the
context of our evaluation of parallel networks, we would
hypothesize that the basis for such compensation might include
the regulation of genes coordinately expressed by Wnt-1 and
Cx43, perhaps linked through β-catenin [37].
Coordination within cohorts
In the wild-type brain, GenMapp analysis indicated that the
categories of genes with highest numbers of synergistic partners
were those involved in cellular catabolism, glycolysis, protein
kinase activation, and RNA binding, while the highest numbers
of antagonistic partners occurred for genes with kinase activity,
transferase activity, protein metabolism (especially of hor-
mones), and TGFβ and Wnt signaling. The most independent
genes were those related to ligase activity, bone mineralization,
N-linked glycosylation, amino acid catabolism, negative
regulation of development, carbohydrate binding, and signal
transduction. In Cx43-null brain, categories of most synergistic
genes included the ribonucleoprotein complex, protein bio-
synthesis, signal transducer activity, chromatin and pericentrio-
lar material, and amino acid biosynthesis; most antagonistic
genes encode nucleotide excision repair T helper 2 immune
response, male gamete generation, pyrimidine metabolism, cell
migration, and TGFβ binding; while most independent genes
encode collagen, negative regulation of transcripts, protein
kinase activation, ubiquitin, cellular lipid metabolism, neurite
morphogenesis, and mitochondrial electron transport.Expression coordination predicts expression regulation
Because Cx43 is down-regulated under a variety of
pathological conditions (see [38]), it is expected that these
disease states will be found to share patterns of gene regulation
seen in Cx43-null mice. To our knowledge, our studies are the
first to use pairwise coordination analysis of wild-type
expression patterns to predict transcriptomic changes resulting
from gene deletion in mice, although Pearson's coefficients
were used to identify such linkages in simpler organisms
[39,40]. Findings from such analyses in S. cerevisiae and C.
elegans include identification of “relevance networks” in
gene–gene linkages [40], corresponding to “hub nodes” in
protein–protein interaction networks or “interactomes” [41,42].
These hub nodes were more likely to be essential proteins [41],
and genes encoding proteins involved in similar processes
tended to be regulated coordinately [40].
As in the case of Cx43-null heart [7,9,10], the coordination
analysis confirmed its predictive power, suggesting that the null
genotype primarily amplifies the normally occurring pattern of
interdependent gene expression. Extending the analysis to all
gene pairs, we have robustly found that coexpression in the
control/physiological state predicts coregulation in the experi-
mental/pathological state, presumably because the coordinately
expressed genes operate concurrently in various functional
pathways. However, the large number of genes regulated in
Cx43-null tissues most likely results not only from the absence
of Cx43 from the networks in which it normally participates but
also from alterations in other networks due to interlinkages.
Expression coordination among functional cohorts
The uniformity of intercohort coordination indicates that
each cohort is equally involved in modulating the expression
profile of each other cohort. Remarkably, the uniformity of
intercohort coordination was maintained in Cx43−/− brain.
Another striking robust effect is that ablation of Cx43 uniformly
decreased the percentages of intercohort expression synergism
and antagonism and uniformly increased the percentage of
intercohort expression independence, indicating that the role of
Cx43 in coordinating gene expression is extended to large
groups of functionally similar genes.
Gene dominance
We introduced a score to quantify the influence of expression
coordination on a gene's expression stability. Thus, genes
succeeding in being stably expressed despite their high degree
of coordination with the other genes of the sample were
considered as dominant, while genes with low expression
stability, although less coordinately expressed with the other
genes of the sample, were categorized as dominated. This
calculation revealed that protein kinases (e.g., Rock2, Nucks,
Nek2, Cdk2, Plaur, Pip5k3, Cks1) were highly represented in
the 50 most dominant genes (7/50); in addition, a phosphatase
(Mtmr1) was among the most dominated genes. It has been
speculated that protein kinase activity, in particular that of MAP
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[43]; it is generally believed that the protein kinases (and
phosphatases) are involved mainly in posttranslational proces-
sing. Eleven JAE genes were ranked among the 50 highly
dominated genes, with purinergic receptor P2X, ligand-gated
ion channel 4 (P2rx4) as the most dominated gene in the wild-
type brain.
Dominance hierarchy was dramatically altered in the Cx43−/−
brains. A major cause for this change was the significant decrease
in coordinated (and increase in independent) expression that we
observed in these genotypes, with uniform decoupling in cohorts
but wide ranges of effects on individual genes. One remarkable
example of such a change is that of P2rx4, which in wild-type
brain was highly dominated (SYN= 1%, ANT= 1.2%,
IND=18%) but in Cx43−/− brain became a dominant gene. It is
interesting in this regard that P2 receptor expression is altered in
Cx43−/− astrocytes [44–46] and in response to IL-1β treatment,
which reduces Cx43 [47], thereby largely compensating for
alterations inCa2+ wave propagation [48]. An opposite example is
that of Nek2 protein kinase: a novel regulator of centrosome
structure [49] that, from dominant (DOM=84.2) in wild type,
became dominated in Cx43−/− brain (DOM=−43.7).
Although the dominance analysis is a new tool for tran-
scriptome analysis, we expect that extension to tissues under
normal and pathological conditions may reveal new aspects of
gene expression networks. Identification of the genes with high
transcription control and large impact on the expression of other
genes under physiological conditions might be essential for
understanding the regulation pattern under pathological condi-
tions and for developing and predicting the effects of novel gene
therapies.
Overall conclusion
Together, the findings reported here suggest a model in which
the transcriptome is organized in parallel hierarchical modules of
coordinately expressed genes that are also coordinated among
themselves, thereby regulating and stabilizing the overall tran-
scriptome. We propose that such a network of networks not only
serves to limit major alterations in functional pathways, but also
compensates for changes that can occur under extreme con-
ditions, optimizing the transcriptome for both flexibility and
functional preservation.
Materials and methods
Dataset
We further analyzed previously reported data [5] obtained through an
experiment in which 27 k AECOM mouse cDNA microarrays (http://
microarray1k.aecom.yu.edu) were used to compare the brain transcriptomes of
four neonatal wild-type and four Cx43−/− C57BL/6j mice from the same litters
through an in-house-prepared universal mouse RNA reference [10]. Data used in
this study were deposited in the National Center for Biotechnology Information
Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo; series
GSE1954, samples GSM34855, 34858–34860, 34869–34872). The study was
performed on newborn animals becauseCx43-null mice do not survive long after
birth; offspring genotype was screened by PCR of tail DNA [5], and the Gja1
level was close to the detection limit in Cx43−/− brains.Data analysis
The valid spots in all arrays were organized into “redundancy groups” (RGs),
each group probing a distinct gene. The expression ratio of a gene in Cx43−/− or
Cx43+/− brains compared to wild type was the weighted average of the expression
ratios within its RG [5], with a p value derived from Bonferroni adjusted t test
[10]. Finally, 3730 distinct genes were selected to be further analyzed in both
genotypes. The average ratios between the normalized background-subtracted
fluorescence signals [50,51] in the two channels for each RG were further used
to analyze the expression variability and coordination.
In addition to using GenMapp and MappFinder software (www.genmapp.
org) to relate the significantly regulated (or, as also evaluated here, the very
stably/unstably expressed or synergistically/antagonistically/independently
expressed) genes to overlapping functional and structural pathways, we analyzed
the characteristics and intercoordination of disjoint cohorts of genes sharing
either the same chromosomal location or the same primary function of the
encoded proteins, as an approach to finding patterns in data [52]. Following a
previously published scheme, we considered the functional cohorts: CSD, cell
cycle, shape, differentiation, death; CYT, cytoskeleton; ENE, energy metabo-
lism; JAE, cell junction, adhesion, extracellular matrix; RNA, RNA processing;
SIG, cell signaling; TIC, transport of small molecules and ions into the cells;
TRA, transcription; TWC, transport of ions/molecules within the cells; UNK,
function not yet assigned. In addition, we used the following subcategories of
CSD genes, A, apoptosis; C, cell cycle; D, development, differentiation, organo-
genesis; G, growth factors, hormones, cytokines; N, oncogenes; S, shape; and
JAE genes, B, globulins and blood; I, antigens, integrins; J, junction and
associated proteins; M, extracellular matrix, laminin; P, proteases (such as
metalloproteinases).
The REVand the GES were determined as previously described [5] for each
quantified gene and then averaged for each cohort and each genotype to study
whether there is a cohort pattern of variability and how this pattern is changed
following disruption of Cx43.
Pearson's correlation coefficients, “Cor,” between the sets of four binary
logarithms of relative expression levels were computed for all pairs of quantified
distinct genes in each genotype; positive correlation indicates synergistic
expression of paired genes (simultaneous increase and decrease among mice),
negative correlation indicates antagonistic expression (inverse expression
tendencies), while a value close to 0 indicates independent expression. The
5% cutoff values for four replicas are Cor>0.9 for synergism, Cor<−0.9
for antagonism and |Cor|<0.05 for independence. Moderate correlations
(0.05≥ |Cor|≥0.90) were eliminated from the analysis because of question-
able significance.
Coordination similarity
We now introduce two scores to compare the coordination profiles Cj
(G)
and Ck
(G) of the distinct genes j and k in the genotype G (=wild type,
Cx43−/−), the similarity SIM(j,k) and the conditional similarity CSI(j,k):
SIM CðGÞj ;C
ðGÞ
k
 
¼
X
a¼S;A;I
N aðGÞj
n o
\ aðGÞk
n o 

X
a;b¼S;A;Iapb
N aðGÞj
n o
\ bðGÞk
n o 
X
a;b¼S;A;I
N aðGÞj
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\ bðGÞk
n o 
100%
CSI CðGÞj ;C
ðGÞ
k
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X
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\ aðGÞk
n o 

X
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N aðGÞj
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\ bðGÞk
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X
a;b¼S;A;I
N aðGÞj
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100% ð1Þ
N αðGÞj;k
 
=number of distinct elements in set αj,k
(G)=Sj,k
(G),Aj,k
(G) or Ij,k
(G).
where S, A, and I are the sets of antagonistic, synergistic, and independent
partners of the indicated gene with the other genes of the selection. Both SIM and
CSI values range between −100% (completely opposite coordination profiles)
and 100% (identical coordination profiles). SIM and CSI values increase with
each shared synergism, antagonism, or independence of both j and k with other
122 D.A. Iacobas et al. / Genomics 89 (2007) 113–123genes and decrease with each opposition (i.e., synergistic for one and
antagonistic for other or independent for one and synergistic or antagonistic
for other). The difference between SIM and CSI is that while SIM refers to all
genes in a significant synergistic, antagonistic, or independent relation with any
of j and k, CSI is restricted to the genes that are partners only to gene j and
therefore |CSI|≥ |SIM|. In this report, we considered two genes as having similar
coordination profiles if SIM>40, opposite coordination profiles if SIM<−40, all
other scores indicating neutral coordination profiles.
Coordination dominance
The dominance, DOM, of gene j in the genotype G was computed as
DOM ðGÞj ¼
1
2
GESðGÞj
50
 1þ
N AðGÞj [ SðGÞj
 
 N I ðGÞj
 
N AðGÞj [ SðGÞj [ I ðGÞj
 
0
@
1
A 100% ð2Þ
DOM takes values within the interval (−100, 100), with positive scores
indicating dominant genes and negative ones indicating dominated genes.Acknowledgments
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